However, recent studies of clinically stable COPD patients have demonstrated a greater diversity of airway microbiota, whose role in acute exacerbations is unclear. In this study, temporal changes in the airway microbiome before, at the onset of, and after an acute exacerbation were examined in 60 sputum samples collected from subjects enrolled in a longitudinal study of bacterial infection in COPD. Microbiome composition and predicted functions were examined using 16S rRNA-based culture-independent profiling methods. Shifts in the abundance (>2-fold, P < 0.05) of many taxa at exacerbation and after treatment were observed. Microbiota members that were increased at exacerbation were primarily of the Proteobacteria phylum, including nontypical COPD pathogens. Changes in the bacterial composition after treatment for an exacerbation differed significantly among the therapy regimens clinically prescribed (antibiotics only, oral corticosteroids only, or both). Treatment with antibiotics alone primarily decreased the abundance of Proteobacteria, with the prolonged suppression of some microbiota members being observed. In contrast, treatment with corticosteroids alone led to enrichment for Proteobacteria and members of other phyla. Predicted metagenomes of particular microbiota members involved in these compositional shifts indicated exacerbation-associated loss of functions involved in the synthesis of antimicrobial and anti-inflammatory products, alongside enrichment in functions related to pathogen-elicited inflammation. These trends reversed upon clinical recovery. Further larger studies will be necessary to determine whether specific compositional or functional changes detected in the airway microbiome could be useful indicators of exacerbation development or outcome.
A cute exacerbations of chronic obstructive pulmonary disease (AECOPD) are a major source of morbidity, characterized by worsening of respiratory symptoms from the baseline normal variation that require new treatment (http://www.goldcopd.org/). Culture-based evaluations have implicated bacteria in ϳ50% of exacerbations (1) . While acquisition of new strains of Haemophilus influenzae, Streptococcus pneumoniae, Moraxella catarrhalis, and Pseudomonas aeruginosa is associated with exacerbations (2, 3) , these represent relatively few species compared to the overall diversity of airway microbiota recently described in COPD (4) (5) (6) (7) .
Detection of bacteria in most prior studies was limited by the use of culture-based methods (8, 9) . Application of more sensitive molecular tools has consistently shown a greater diversity of airway microbiota in COPD, despite differences in specimens and platforms across studies (4) (5) (6) (7) 10) . With increasing appreciation of the fact that the microbial microenvironment can modify the behavior of primary pathogens (11, 12) , this invites speculation that other microbiota members may contribute to the pathogenesis of AECOPD.
In this pilot study, we investigated the dynamics of the airway bacterial microbiome in the setting of AECOPD by examining a total of 60 sputum samples collected before, at the onset of, and after an exacerbation. Compositional and functional analyses were performed using 16S rRNA-based culture-independent and in silico predictive metagenomic approaches. The relationships between microbiome composition and clinical factors were examined, including the type of treatment prescribed for exacerbation (antibiotics alone, systemic corticosteroids alone, or both).
MATERIALS AND METHODS
Subjects and sample collection. The sputum samples analyzed were collected from 12 subjects enrolled in a longitudinal study of bacterial infection in COPD described extensively in previous publications (2, 3, 13) . To briefly summarize, the parent study has been conducted at the Buffalo Veterans Affairs Hospital and approved by the VA Western New York Institutional Review Board since 1994. All participants gave written informed consent. Members of a cohort of approximately 50 participants with COPD (and without other lung disease) were followed monthly and whenever they experienced worsening symptoms suggestive of an exacerbation. Expectorated sputum was collected at each visit and processed as previously described (2) . This included homogenization with dithiothreitol and plating of aliquots of serial dilutions on blood, chocolate, and MacConkey culture agar. Sputum cell pellets obtained after centrifugation were stored long term at Ϫ80°C in a glycerol solution and used for microbiome analyses in this study. Molecular typing of isolates of H. influenzae, M. catarrhalis, and P. aeruginosa was performed as previously described (2) to determine whether a new strain, defined as one that had not been isolated from sputum samples obtained previously (Ͼ4 weeks) from an individual patient, was present at exacerbation (2) .
To investigate the exacerbation-related microbiome, subjects and samples were carefully selected for this study to include a diversity of exacerbations, those that were and were not associated with a new strain, and also treatment approaches commonly prescribed in clinical practice (antibiotics only, systemic corticosteroids only, or both). Specimens from five time points per subject were examined (Fig. 1) . The specimens spanned an exacerbation-related time period occurring in a given year between 1999 and 2005 (with the specific year depending on the subject). Pre-and postexacerbation samples were those available closest to the exacerbation when the patients were at their baseline respiratory state and on their usual COPD treatment. All subjects were encouraged to seek treatment early for a suspected exacerbation; however, a fixed duration of symptoms was not proscribed. However, all exacerbation samples included in this study were obtained prior to initiation of any specific treatment for the exacerbation. Exacerbation events were determined using predefined criteria described previously (2) and involved evaluation of respiratory symptoms (dyspnea, cough, sputum production, viscosity, and purulence) and their change from the usual state. Pneumonia, if suspected, was ruled out by chest X ray. Decisions about treatments were made by study physicians (S. Sethi and T. Murphy) on the basis of symptoms (especially sputum purulence) and prior to the availability of sputum culture data from the concurrent visit. Antibiotics were prescribed if bacterial infection was thought to be a cause of the exacerbation, whereas steroids only were prescribed if a nonbacterial etiology was suspected.
Sample preparations. DNA was extracted utilizing methods previously described (14) and detailed further in the supplemental material. Briefly, universal 16S rRNA bacterial primers (Bact-27F, Bact-1492R) were used to generate amplicons, which were processed for hybridization to G2 PhyloChip microarrays (Second Genome, South San Francisco, CA) by methods previously described (14, 15) . Each sample was hybridized to an individual array, resulting in 60 microbiome profiles. Bacterial taxa were defined as organisms sharing Ն97% 16S rRNA gene sequence homology and classified according to the Hugenholtz taxonomy in the 2011 iteration of the Greengenes database (16) .
Data analyses. Raw array data were processed as previously described (17) (18) (19) , including correction for background and noise and scaling of fluorescence intensities to those for spiked-in quantitative standards, followed by further data normalization on the basis of the mean intensity of all profiles. The presence of taxa was determined using published methods (19, 20) , with slightly modified scoring thresholds based on the scores for spiked-in quantitative standards being applied. Further information is detailed in the supplemental material. The initial normalized data set for all 60 samples combined included ϳ4,800 taxa, and this data set was then filtered to include taxa present in at least 10% of samples, yielding for analysis a final data set of ϳ3,300 taxa (available in Table S5 in the supplemental material). Log 2 -transformed intensities, which correlate with the relative abundance of taxa (21) , were used in all primary analyses, which were performed using R (version 2.14.1).
Community richness (number of taxa detected), evenness (relative distribution of taxa in a community), and diversity (Shannon and inverse Simpson indices, which consider both the richness and the evenness in the calculation, as well as Faith's phylogenetic diversity, which additionally incorporates phylogenetic information in this calculation [22] ), were calculated using the R packages vegan and picante (23, 24) . Changes in these metrics were tested using repeated-measures analysis of variance (RM-ANOVA) and paired t tests. Bray-Curtis and Unifrac distance measures (25, 26) were calculated and used in ordination analyses (e.g., nonmetric multidimensional scaling [NMDS] ) to assess compositional differences and relationships to clinical factors, including the timing of pre-and postexacerbation sample collection relative to the exacerbation onset date, by distance matrix-based permutational multivariate analysis of variance (PERMANOVA) (27) . Taxon-level analyses to identify specific compositional changes between time points were performed using linear models based on moderated t statistics and a paired test design in the R package limma (28) . Adjustment for multiple comparisons was applied using the Benjamini-Hochberg method or q values (29) . Changes of at least 2-fold (log 2 difference Ն 1.0; unadjusted P Ͻ 0.05) were considered notable and significant if the Benjamini-Hochberg-adjusted P value or q value was Ͻ0.05. These criteria were extrapolated from thresholds commonly applied to screen for differentially expressed genes in microarraybased studies and that have also been used in prior PhyloChip-based studies (30, 31) . For the predictive functional analyses, the PICRUSt software package (32) was used to identify predicted gene families and associated pathways from inferred metagenomes of taxa of interest identified from the compositional analyses. qPCR and sequencing. Total 16S rRNA gene copies in samples were determined using methods previously described (14) . Species-specific quantitative PCR (qPCR) and Sanger sequencing were also performed to confirm, respectively, array-reported relative abundances and the identities of representative organisms of interest. To further compare and validate the microarray data, 11 samples with sufficient remaining DNA that represented different sampling time points underwent 16S rRNA sequencing using the Illumina MiSeq platform. Details of these experiments are described extensively in the supplemental material.
RESULTS
Relationships between bacterial community composition and clinical associations. For each subject, two samples from a clinically stable period prior to exacerbation (Pre1 and Pre2; range, 12 to 126 days before exacerbation), a single sample obtained at exacerbation onset before the start of new treatments (Exac), and two samples from after exacerbation when treatments were completed (Post1 and Post2; range, 14 to 94 days after the date of exacerbation onset) were collected ( Fig. 1) . The characteristics of the subjects, most of whom had moderately severe airflow obstruction (Global Initiative for Chronic Obstructive Lung Disease stage II by criteria published at the time that samples were collected [33] ), and the exacerbations are shown in Table 1 .
Across all samples examined, bacterial community richness, evenness, and diversity did not differ significantly over time (RM-ANOVA) or when they were considered across pairwise comparisons of sampling time points, e.g., Post1 versus Exac (paired Student's t test). However, the data indicated a trend toward a decrease in diversity following treatment with antibiotics. In contrast, diversity increased in the steroid only-treated group. Similar trends were observed for richness.
To further evaluate relationships between community composition and clinical characteristics, multivariate analyses using PERMANOVA based on a constructed Bray-Curtis distance matrix (27) were performed. No significant relationships were found between community composition and parameters of lung function, symptom severity score at exacerbation, or the time points at which samples were collected (number of days relative to the exacerbation onset date). The latter results indicated that variation among subjects in the timing of sample collection before and after an exacerbation was not a significant factor in the observed compositional differences.
In clinical practice as well as in the parent study, clinical impression regarding the etiology of a COPD exacerbation determines treatment choices. We therefore examined first, using all samples, whether an association existed between the type of exacerbation treatment (antibiotics only, oral steroids only, or both; n ϭ 4 subjects per treatment group) and differences in community composition among samples. A statistically significant relationship between community composition and the treatment administered for exacerbation was observed (P Ͻ 0.05; Fig. 2A ). When we limited this analysis to only postexacerbation samples, the association remained close to statistically significant (P ϭ 0.08; Fig.  2B ), indicating that the preexacerbation and exacerbation samples contribute to the strength of this relationship. These results also suggest that the specific treatment administered for exacerbation has the potential to have a prolonged impact on community composition.
Chronic use of inhaled corticosteroids (ICSs) also demonstrated a nearly statistically significant relationship with differences in community composition (P ϭ 0.06, based on analysis of all samples; P ϭ 0.08 for analysis limited to only preexacerbation samples; Fig. 2C ), indicating that ICSs may impact the community composition across the time points sampled in this study. We also observed a trend toward greater richness and diversity in samples from ICS-exposed subjects than those from non-ICS-exposed subjects, indicating that ICSs, perhaps through their immunosup- pressive activity, increase the airway microbiota diversity in COPD patients. Taxon-level analyses of temporal changes in COPD airway microbiota composition. To determine the specific taxa that exhibited significant changes in relative abundance during the course of this study, we compared array-reported abundances for each taxon between sequential time points (R package limma). For this set of analyses, we first performed paired time point comparisons using data from all subjects, followed by separate analyses for each exacerbation treatment group (antibiotics only, systemic steroids only, or both) limited to only the postexacerbation time points. Collectively, these results revealed several notable findings.
During the clinically stable period before exacerbation (Pre1-to-Pre2 comparison; Fig. 3A ), relatively few taxa exhibited differential relative abundance. Only three taxa showed an increase of Ն2-fold (the largest was a Moraxella species, which showed a 2.6-fold increase; P ϭ 0.001), whereas Neisseriaceae members made up many of the taxa that decreased by Ն2-fold. Overall, these observations suggest relative stability in the airway microbiota composition during a clinically stable period prior to AECOPD in this cohort.
At exacerbation, it was predominantly members of the Proteobacteria, such as the Moraxellaceae, Pasteurellaceae, Pseudomonadaceae, and Enterobacteriaceae, that were enriched compared to their levels in Pre2 (Table 2) . These enriched taxa included other potential respiratory pathogens, in addition to those typically associated with AECOPD. In contrast, taxa that were decreased in abundance at exacerbation relative to their abundance in Pre2 were predominantly Actinobacteria, Clostridia, and Bacteroidia (Table 2) . Actinobacteria comprise a large group of metabolically diverse organisms that are prolific producers of secondary metabolites, including those with antimicrobial activity (34), while clade IV and XIVA Clostridia are known inducers of anti-inflammatory T-regulatory cells (35) . To speculate, these observations suggest the possibility that members of the microbiome that are depleted at the time of exacerbation may otherwise help maintain community and host immune homeostasis and potentially counteract the detrimental effects of respiratory pathogenic species.
The most dramatic changes in community composition were observed after treatment for exacerbation (Exac to Post1). This was supported by a significant difference in the mean Unifrac distance of communities between Exac and Post1 compared to that for communities between Pre2 and Exac, reflecting a significant change in the phylogenetic makeup of the community (P Ͻ 0.01; see Fig. S1 in the supplemental material). Among those taxa exhibiting significant alterations in relative abundance, the vast majority decreased in abundance, were primarily members of the Proteobacteria, and included organisms both associated with and not traditionally associated with COPD (P Ͻ 0.05, q Յ 0.12; see Table S1 in the supplemental material).
Striking differences, however, were seen in the effects of different treatments on community composition (Fig. 3B) . Treatment with antibiotics alone reduced the abundance of many taxa (mostly Proteobacteria), a number of which exhibited further reductions in relative abundance at the second posttreatment time point (Post1 to Post2). The latter finding supports our data indicating a relationship between treatment type and community composition in posttreatment samples and provides evidence for the prolonged suppressive effects of antibiotics on some microbiota members. For subjects who received any antibiotics (either alone or with steroids), a similar pattern of reduction in microbiota members at Post1 was observed. However, in contrast to those treated with antibiotics only, those treated with both antibiotics and steroids showed a significant increase in abundance of primarily Proteobacteria from Post1 to Post2. This was also reflected in an increase in phylogenetic diversity at Post2 compared to that at Post1 for this group (P Ͻ 0.01) and suggests that the recovery of airway community diversity following antibiotic treatment could be influenced by concomitant corticosteroid treatment.
In contrast to antibiotics, treatment with corticosteroids alone led predominantly to enrichment for many taxa, mainly Proteobacteria, but also Bacteroidetes and Firmicutes members (Fig. 3B) . Large increases were observed especially for the Enterobacteriaceae (up to 16-fold), Lachnospiraceae, Burkholderiaceae, and Neisseriaceae (see Table S2 in the supplemental material). This was mirrored by a significantly higher mean 16S rRNA copy number, a proxy for bacterial burden, in this group compared to the other treatment groups (RM-ANOVA, P Յ 0.02; for the steroids-only group versus the antibiotics-only group, P Ͻ 0.01; see Fig. S2 in the supplemental material). This indicates that treatment with systemic corticosteroids alone can lead to an increased bacterial burden and an increased abundance of specific airway microbiota. Relationships between COPD-associated pathogens and other microbiota members. Previous studies of the gut microbiota have shown that specific organisms in a niche can promote community enrichment for related species and influence colonization susceptibilities (36) . To explore this in the airway microbiome context, we evaluated relationships between known COPD-related pathogens and other microbiota members by performing correlation analyses between the detected abundance of taxa representing H. influenzae, P. aeruginosa, or M. catarrhalis and that of all other taxa. Strong positive correlations were observed between H. influenzae and taxa belonging to the same or related bacterial families for this species (R Ն 0.5, BenjaminiHochberg-adjusted P Ͻ 0.05), e.g., Pasteurellaceae, Enterobacteriaceae, and Pseudomonadaceae (Fig. 4) . Most belong to the larger class of Gammaproteobacteria, as well as other classes of Proteobacteria. In contrast, taxa negatively correlated with H. influenzae were primarily members of more phylogenetically distant groups. Similar correlation patterns were observed for P. aeruginosa and M. catarrhalis (data not shown). These observations suggest that enrichment of phylogenetically related organisms in a pathogenrich airway milieu may represent an important factor in microbiome dynamics associated with the pathogenesis of exacerbations.
Quantitative PCR and sequencing validation studies. Total 16S rRNA gene copy numbers ranged from 1.9 ϫ 10 5 to 1.8 ϫ 10 8 (see Fig. S2 in the supplemental material). While these did not differ significantly over time, the type of treatment for exacerbation was a significant factor in the observed differences (RM-ANOVA, P ϭ 0.02), with the group treated with corticosteroids alone demonstrating higher mean total 16S rRNA copy numbers (for steroids only versus antibiotics only, P Ͻ 0.01; for steroids only versus both antibiotics and steroids, P ϭ 0.08). Sanger sequencing using taxon-specific primers confirmed the identity of M. catarrhalis and organisms representative of other taxons, including species of Corynebacteriaceae, Porphyromonadaceae, Enterobacteriaceae, and Bifidobacteria (see Table S3 in the supplemental material). Species-specific qPCR studies also showed excellent correlations between copy numbers and the array-reported abundances of H. influenzae (R ϭ 0.92, P Ͻ 0.03) and P. aeruginosa (R ϭ 0.95, P Ͻ 0.01). To further validate arrayreported taxon abundances, 16S rRNA sequencing using the Illumina MiSeq platform was performed on 11 samples. Strong correlations between the relative abundance of specific phyla and families detected by both sequencing and array analysis were observed (i.e., Proteobacteria, Actinobacteria, Pasteurellaceae, Moraxellaceae, Enterobacteriaceae; Spearman ϭ 0.7 to 0.9, P Ͻ 0.001 to 0.01; see Table S4 in the supplemental material).
Functional analysis of COPD airway microbiome. Metagenomic profiling of the microbiome affords insights into the functional capacity of the community. However, to do so at high resolution is both expensive and computationally intensive. To explore specifically the predicted functional capacity of the microbiota involved in the changes observed at exacerbation and in response to treatment, we applied a recently developed bioinfor- a Changes in relative abundance were Ն2-fold (P Ͻ 0.05, q Յ 0.30) at the onset of exacerbation compared to that at the most recent preexacerbation time point (Pre2). The results are based on analysis of all subjects in the study (n ϭ 12 subjects). b prokMSA_ID is the identifier used by the Greengenes database. c Fold change shows the increase or decrease at exacerbation. matics tool, PICRUSt (32), which predicts the functional capacity of a community based on 16S rRNA data. PICRUSt has been used to predict the presence and relative abundance of gene families in different microbiomes and shown to recapitulate the results of actual metagenomic sequencing efforts from the Human Microbiome Project (32) . Representative 16S rRNA sequences for taxa that changed in abundance by Ն2-fold were used as PICRUSt inputs. The results predicted a number of KEGG gene orthologs (KOs; Kyoto Encyclopedia of Genes and Genomes, release 67.1) associated with known KEGG pathways to be enriched or depleted within the bacterial community at these time points (Fig. 5) . Predicted functions enriched at exacerbation included pathways involved in viral and bacterial infection (e.g., influenza A virus and Staphylococcus aureus infection), as well as those involved in apoptosis and p53 signaling. Conversely, functions predicted to be depleted involved pathways associated with the response to viral infection (e.g., RIG-I-like receptor signaling) and pathways involved in flavonoid and steroid biosynthesis (known anti-inflammatory mediators [37] ), as well as betalain and indole alkaloid production (known antimicrobial properties [38, 39] ). These observations suggest that a loss of community functions associated with maintenance of microbial homeostasis and regulation of the host immune response is associated with AECOPD. This is further supported by the observation that after treatment, reverse trends were observed. For example, predicted KOs that were enriched for after exacerbation included those involved in the betalain, indole alkaloid, and flavonol biosynthesis pathways. In addition, KOs involved in macrolide biosynthesis were also predicted to be enriched posttreatment. Thus, microbiome enrichment for taxa that encode these anti-inflammatory functional capacities may contribute to recovery from exacerbation.
DISCUSSION
In this study, we extensively examined the dynamics of the bacterial airway microbiome in the setting of AECOPD. In addition to assessment of compositional changes by multiple methods, we further explored the predicted functional capacities encoded by microbiota identified to be potentially important on the basis of observed compositional shifts. Thus, this study represents the most comprehensive effort to date to evaluate the exacerbationassociated microbiome in COPD and serves as a foundation for approaches that could be applied to study larger numbers of patients. Collectively, our findings demonstrate that the COPD airway microbiome is rich in both bacterial species and functional capacity and that identifiable changes in this microbiome are associated with the development, treatment, and resolution of AECOPD. An important limitation of our study is that the intensive microbiome analyses were performed on 60 samples derived from only a small number of COPD patients. Offsetting this limitation is the longitudinal nature of the study, providing us with valid preexacerbation samples, as well as exacerbation samples prior to any specific treatment for exacerbation. Future studies involving larger patient numbers will be necessary, especially given the heterogeneity of COPD and interest in identifying the best treatment approaches for different phenotypes (40) . Despite the cohort size, we were able to capture some of the heterogeneity associated with exacerbations by intentionally including a proportionally even number of subjects treated for exacerbation using regimens prescribed in clinical practice. In this context, we were able to identify microbiome characteristics differentially associated with features of exacerbations in these subjects. Follow-up studies involving larger numbers of carefully phenotyped patients would be of interest.
Several specific findings from our study are important to emphasize and have potential clinical implications to be further investigated. An important overall observation from a microbial community perspective is that many bacterial groups not limited to typical COPD pathogens were among those contributing to the most salient compositional changes observed. These dynamics, which involved Proteobacteria taxa, in addition to those representative of H. influenzae, M. catarrhalis, and P. aeruginosa, suggest potentially important contributions of related microbiota to the etiopathogenesis of AECOPD. Independent analyses confirmed that the abundance of these typical COPD pathogens was highly correlated with the presence of related bacterial phylotypes. While array cross-hybridization at the taxon level is a possible factor in these analyses, it unlikely accounts for the number of distinct groups, characterized at the family level and higher, found to be correlated with these species. Our observations are consistent with previous demonstrations that organisms in an ecosystem can promote enrichment for related species in a like will to like phenomenon, as observed for gut microbiota and susceptibility to pathogen colonization (36) . Moreover, quorum-sensing mechanisms between organisms can influence bacterial pathogenicity or resistance to antimicrobials (41, 42) . Overall, findings from this and other studies (43) indicate that the context of the microbial community is important to consider in efforts to better understand the pathogenesis of AECOPD.
Another important observation is that intersubject variability in microbial community changes at exacerbation were seen. Similar observations were made in a study using a human model of virus-induced COPD exacerbation (43) . In our study, compositional changes at exacerbation in general did not involve very large shifts, although this was not true of all subjects. This is similar to what has been described in exacerbations of cystic fibrosis and non-cystic fibrosis bronchiectasis (44, 45) . This suggests that AECOPD could also result from the cumulative effects of smallerscale changes in community composition that, on the basis of PICRUSt functional predictions, lead not only to an increase in pathogen-elicited inflammation but also the loss of potentially key protective functions in the microbiome. Moreover, organisms do not need to be highly prevalent in a community to have important effects on disease pathogenesis, as has been shown for periodontitis (46) . However, two of our subjects (subjects 56 and 111) did exhibit a greater compositional shift at exacerbation, determined on the basis of NMDS analysis (data not shown). Although new bacterial strains were identified in these patients, others in which new strains were also detected did not demonstrate large compositional shifts at exacerbation. Collectively, these observations suggest that there is likely interindividual heterogeneity in the microbiome associated with AECOPD.
Finally, our observations regarding the effects of COPD treatments on microbiota composition have potentially important clinical implications. Inhaled corticosteroids are commonly used in the management of COPD and other airway diseases, and our results suggest that the use of ICSs may alter the microbiome. Whether this has implications for susceptibility to exacerbations or their outcome will require additional study. Also, treatments for exacerbation led to significant changes in community composition, some of which may last beyond the usual time frame of clinical recovery from exacerbations. In particular, oral steroid therapy alone led to community enrichment for many members of the microbiota. This suggests that steroids, even when they are administered systemically, may promote microbial colonization in the airways. Overall, the long-term effects of such treatments on the microbiome in COPD, particularly with recurrent administrations, are unknown.
Strengths of this study include the systematic collection of samples at times encompassing key periods before, at, and after AECOPD. Furthermore, we extended upon the compositional analyses to explore the functional capacity encoded by key microbiome members. Weaknesses include the small number of subjects, the focus on only bacteria in examining the microbiome, and also the use of sputum as a representative specimen. Despite the potential for saliva admixture, collection of sputum represents the only practical approach for repeated airway sampling of COPD patients, particularly during exacerbations, when bronchoscopy may be unsafe. Important microbial insights, including several from this cohort, have been gleaned from analysis of sputum in many studies of COPD (2, 3, 8, 43) .
In summary, the results of this study indicate that the context of the airway microbiome needs to be considered in efforts to improve the understanding of the pathogenesis of AECOPD. Given the heterogeneity of COPD, it will be important to study larger numbers of subjects to identify microbiome determinants associated with specific COPD phenotypes and associated exacerbations.
